The nonlinear current-voltage relationship and the subsequent threshold voltage in polycrystalline CaCu 3 Ti 4 O 12 are found to be easily controlled by simply doping a small amount of supervalent cations, Nb 5+ and Ta 5+ . The authors show that the dopants have a significant effect on the reduction of the electrostatic potential at the grain boundaries, scarcely changing the conductance of the bulk grains. Through microcontact analysis and impedance spectroscopy, the control of the potential barrier at the boundaries was demonstrated to be a key factor for governing the overall current-voltage characteristics. Plausible compensation mechanisms for the excess charge of the added dopants are also discussed. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2777184͔
The new discovery of unusually large permittivity values in body-centered-cubic CaCu 3 Ti 4 O 12 ͑CCTO͒ in 2000 ͑Refs. 1 and 2͒ has sparked a number of followup investigations to understand its peculiar dielectric phenomena over the past several years. [3] [4] [5] [6] [7] [8] [9] Although more in-depth investigations are ongoing, [10] [11] [12] many of the experimental and theoretical studies thus far [4] [5] [6] [7] [8] [9] now reasonably support an extrinsic mechanism for the high dielectric response, which is analogous to that in internal boundary layer capacitors. Furthermore, a recent doping experiment 13 using Fe, Cr, Ni, and Co systematically showed that the electrically inhomogeneous microstructure is essential to describe the apparent high dielectric characteristics, which is consistent with the previous result based on the impedance spectroscopy. 4 Another physical feature that should be noted in polycrystalline CCTO is that a remarkably large electrostatic potential barrier exists at the grain boundaries, as directly demonstrated by microcontact current-voltage ͑I-V͒ measurements and Kelvin probe force microscopy.
14 The presence of a potential barrier at grain boundaries along with the n-type semiconducting grains results in very strong nonlinear I-V characteristics, showing the suppression of the current flow up to a threshold breakdown voltage. Based on the outstanding level of nonlinearity, a new application of CCTO as an efficient surge protector or as a switching device has been suggested. As the electrostatic potential at the grain boundaries is also altered by the adsorption of selective gases, the resulting change in conductance can be monitored to detect the gases, as in other semiconductor-type gas sensors. Therefore, to control the electrostatic potential at internal interfaces in CCTO is a key factor for its multifunctionality, which encompasses the high dielectricity, the nonlinear I-V characteristics, and the gas-sensing properties that were initially proposed in Ref. 14. Previous works have shown that the I-V variations as well as the permittivity values are drastically affected by small amounts of dopants. 8, 13, 15 In particular, as demonstrated in a recent report, 15 a huge difference in both the I-V relationship and the grain boundary impedance was observed when a donor-type dopant was added. In this letter, the systematic tuning of the threshold voltages and resultant nonlinear I-V characteristics are shown using the supervalent metal ions, Nb 5+ and Ta 5+ , as control dopants. Compared to the range of current density that commercially available varistors typically cover around a threshold voltage, CCTO-based devices may operate in a somewhat different range of higher current density ͑up to a few hundred mA/ cm 3 ͒ with much enhanced nonlinearity.
14 In this regard, the present study will open the possibility for the development of ceramic varistors that can be utilized for the high-current applications.
Nb-and Ta-doped CCTO powders were first prepared via the mixed oxide technique [13] [14] [15] [16] using high-purity CaCO 3 , CuO, TiO 2 , Nb 2 O 5 , and Ta 2 O 5 as the starting materials. Various amounts of Nb 5+ and Ta 5+ from 0.2 to 2 at. % were added to each powder mixture with a stoichiometric composition of CaCu 3 ͑Ti 4−x M x ͒O 12 , where M is Nb or Ta and x is from 0.008 to 0.08. The mixtures were ball milled with ethanol and then calcined at 900°C for 10 h in air after drying. Dense pellets were prepared with the doped CCTO powders by sintering isostatically pressed compacts at 1100°C for 12-24 h in air. The pellets were used for the current densityelectric field ͑J-E͒ measurement ͑model 237, Keithley͒ and also for the impedance spectroscopy ͑HP 4192A͒ over a frequency range from 5 Hz to 13 MHz with an oscillation voltage of 0.5 V. For the microcontact I-V measurements on the polished surface of the sintered samples, low contactresistance tungsten microprobes ͑1 m in diameter͒ were used in a manual probe station ͑SUMMIT 11862B, Cascade͒. The current flow between the individual grains was measured using a semiconductor characterization system ͑4200-SCS/F, Keithley͒ connected to the probe station. Figure 1 plots the relationships between the current density ͑J͒ and the electric field ͑E͒ as the dopant concentration in the Nb-and Ta-doped CCTO polycrystals varies. The plot for the undoped sample is also included for comparison. Both the Nb-and Ta-doped samples show nearly identical J-E characteristics; as more dopants are added, the threshold electric field decreases. Finally, the level of nonlinearity becomes negligible with nearly Ohmic characteristics ͑as illustrated with 2% Nb doping͒. Therefore, it is shown that the threshold switching voltage can be easily controlled in a simple manner by doping supervalent cations.
Direct microcontact I-V measurements on the polished surfaces of each dense pellet were carried out in order to examine the correlation between the J-E characteristics of doped CCTO and the electrostatic potential barrier at the grain boundaries. As schematically illustrated in Fig. 2͑a͒ , the current flows across the grain boundaries as well as within single grains were measured in the Nb-doped samples under a bias of −8 to + 8 V applied to the probes. The I-V variations for an undoped sample are shown in Fig. 2͑b͒ . In contrast to the Ohmic behavior within a single grain ͓be-tween the green spots in the optical micrograph shown in Fig. 2͑b͔͒ , the suppression of current flowing across a grain boundary ͑between the red spots͒ can be observed. Such results are in good agreement with previous reports, confirming again the presence of an electrostatic potential barrier at grain boundaries.
Figures 2͑c͒ and 2͑d͒ show the surface microstructures and the I-V curves of samples doped with 0.5 and 2.0 at. % of Nb, respectively. Compared to the I-V behavior shown in Fig. 2͑b͒ for the undoped CCTO, two significant features in these Nb-doped samples are easily recognized. The first of these is that the nonlinearity in I-V characteristics across a grain boundary is reduced ͓Fig. 2͑c͔͒ and finally almost disappears ͓Fig. 2͑d͔͒ as the concentration of the added Nb increases. Thus, little difference in terms of the current flow is observed in the 2.0 at. % Nb-doped sample, irrespective of the measurements either within a grain ͑green spots͒ or across a grain boundary ͑red spots͒ on the surface, as shown in Fig. 2͑d͒ . The other feature is that the slopes of the I-V plots measured inside a single grain ͑green plots͒, each of which corresponds to the conductance of a grain, are nearly identical to each other for all of the samples. Consequently, the present local microcontact measurements directly indicate that the addition of supervalent dopants in CCTO can systematically control the height of the potential barrier at the grain boundaries, while leaving the conductance of individual grains unaffected.
Analyses based on impedance spectroscopy also provided consistent results, showing the tunable boundary potential via doping. Figure 3 shows the impedance spectra of the Nb-and Ta-doped CCTO polycrystals. As was investigated, 4 the nonzero first intercept of a characteristic semicircle on the ZЈ axis at a high frequency in polycrystalline CCTO indicates the resistance of bulk grains. It is noted that the values of the high-frequency intercept for all samples including the undoped sample differ only slightly from each other, showing variance just between 10 and 20 ⍀ on the ZЈ axis irrespective of doping. In contrast, as shown in each small inset of Fig. 3 , the diameter of the semicircular arc, which corresponds to the grain boundary resistance, 4 is considerably reduced with doping for both the Nb-and Ta-doped samples. Such remarkable reduction only in the boundary resistance is easily understood to be responsible for the changes in the potential barrier and subsequent variations of the overall J-E characteristics, as shown in Fig. 1 . Based on the impedance spectroscopy together with the local microprobe measurement in this study, we definitely demonstrate that the Schottky-type electrostatic potential barrier at the It is well known that the effective charge of donor-type ions in perovskite titanates is compensated in two different ways: electronic compensation by conduction electrons and ionic compensation by cation vacancies. 17, 18 As the latter accompanies no conduction electrons, the electrical conduction of a donor-doped titanate does not typically change when the charge compensation is made by cation vacancies. Thus, the nearly invariant first intercept values on the ZЈ axis of the impedance spectra in Fig. 3 provide direct evidence that most of the Nb 5+ and Ta 5+ ions are compensated ionically by cation vacancies. The identical slopes in the local I-V plots obtained within single grains, as shown in Fig. 2 , also support this compensation mechanism, although further analyses are necessary to determine precisely which cation vacancies form in the lattice.
While the electrical responses of individual grains are insensitive to the doping, the added donor ions have a significant influence on the impedance and resultant potential barrier heights at the grain boundaries. As previously reported, 13, 14 acceptor states, the origins of which are unknown thus far, exist at the grain boundaries of CCTO polycrystals. Such states are directly responsible for the formation of a potential barrier and thus for the n-i-n type of an electronic structure across a grain boundary. In contrast within single grains, the positive charge of the supervalent cations can efficiently make compensation of the negative charge of unknown acceptors at the boundaries without the creation of electrons or cation vacancies. As a result, the number of active acceptor states that contribute to the formation of a potential barrier decreases with the donor addition, finally achieving the electrically homogeneous microstructure with the negligible space charge at the grain boundaries and the reduced degree of bending in the energy-band diagram across a grain boundary. 15 In summary, it is shown in this study that the overall I-V characteristics of polycrystalline CCTO can be tuned from strong nonlinear to nearly Ohmic characteristics by doping the supervalent cations. The microcontact I-V measurements and impedance analyses consistently demonstrated that such dopants were very efficient to control the boundary potential barrier while the electronic structure within individual grains remained unchanged. A new type of surge protector or of switching device with tunable threshold voltage can be utilized in the high-current applications based on the present results. 
